Abstract. The present lecture gives the review of recent studies where acoustic solitons strongly influence the electron states in a semiconductor nanostructure. The amplitude of soliton pulses is so high that the electron states in a quantum well make temporal excursions in energy up to 10 meV. The subpicosecond duration of the solitons is less than the coherence time of the optical transition between the electron states and a frequency modulation of emitted light during the coherence time (chirping effect) is observed.
Introduction
The nonlinear properties of wave propagation in the media can result in the formation of a solitary wave called a soliton [1] . The soliton is a propagating wavepacket which is stable due to the delicate balance between nonlinear properties and dispersion in the media. First the soliton was observed in water by John Scott Russell in 1834. Later, in 1895, Korteweg and de Vries (KdV) derived a partial differential equation, which describes solitons in shallow water. Apart from waves in water the solitons were observed in plasma and in optical fibers.
Favorable conditions for the formation of an acoustic soliton (AS) at low temperatures do exist in many crystals. Indeed, the elastic nonlinearity in the crystals for acoustic waves is quite strong. The formation of shock waves caused by nonlinear effects is a well known phenomenon. However, the formation of an ultrashort AS pulse at a realistic propagation distance requires additionally the dependence of the phase velocity on the phonon energy (i.e. nonlinear phonon dispersion), which in crystals starts to be distinct for phonons with frequencies ~0.1-1 THz.
The first experimental observation of the AS has been performed by Hao and Maris in 2001 [2] . To generate the initial strain impact the authors used the experimental methods of picosecond acoustics, developed earlier in several research groups [3, 4] . Figure 1 shows the typical experimental scheme (inset) and calculated using KdV equation temporal (left panels) and spectral (right panels) evolution of a strain wave packet propagating in GaAs crystal. A thin metal film, deposited on the sample surface as an opto-elastic transducer, is excited by optical pulses from a femtosecond laser. Ultrafast optical excitation results in rapid heating of the metal film, which expands due to the thermoelastic effect. The expansion and further relaxation of the film to the initial state results in the formation of a bipolar strain pulse [left panel figure 1(a)] which is injected into the crystal and propagates with the velocity of longitudinal (LA) sound. The pulse is followed by low amplitude ringing due to the strain pulse reflections on the metal/crystal boundary. The net duration of the bipolar pulse lies in a picosecond time scale and the corresponding phonon spectrum [right panel figure 1(a) ] of the injected wavepacket spreads up to subterahertz frequencies [3] [4] [5] [6] .
The amplitude of the injected strain pulse may be essentially higher than 10 -4
. At such strain nonlinearity plays a significant role. The velocity increases with strain and because of this the top of the negative strain pulse starts to catch up with the base while the top of the positive part slows down. Such behavior leads to the formation of an N-shaped pulse [left panel figure 1(b) ]. The sharpening of the edges in the N-shaped pulse results in the appearance of high-frequency components in the spectrum of the wave packet [right panel figure 1(b) ]. Due to the dispersion these high frequency modes have phase velocities slower than in the linear low frequency regime. The balance between fastening of the leading edge and slowing down of high frequency phonons in the wave packet leads to the formation of an AS which propagates slightly faster than the low amplitude LA sound [ figure  1(c) ]. Further the pulse shape and the wave packet spectrum change while propagating through the crystal in time and space, and an AS train consisting of several isolated ASs is formed [ figure 1(d)] .
Nowadays, the AS has been experimentally observed at helium temperatures in a number of crystals: Al 2 O 3 [2, [7] [8] [9] , Si [2, 10, 11] , MgO [2, 12] , SiO 2 [2] and GaAs [13] . The detection of picosecond ASs has been realized by: pump-probe [2, 10] ; Brillouin scattering [7] ; superconducting bolometer [11] ; photoluminescence [8, 9] . The simple theory based on KdV equation successfully describes the main properties of ASs. However many basic problems of the AS behavior are still the subject of intensive experimental and theoretical studies nowadays [14] .
The present paper describes our recent experiments where the AS meets a semiconductor quantum well (QW) [15, 16] . The main reason for carrying out this work was an idea to develop a new technique for an ultrafast control of electron states in semiconductor nanostructures. The perturbation, which an AS brings to the electron state in a semiconductor nanostructure is enormously high. The corresponding shift of the energy of an electron (hole) state may exceed 10 meV. While moving in the crystal, the AS occupies a space ~10 nm at each point of time which is the same order as the typical size of semiconductor nanostructures and tunneling devices. Thus the AS can induce huge electron spectrum changes on a picosecond time scale. Such energy control has not been realized earlier.
Experiment
To demonstrate the effect of AS on the electron spectrum in a QW a (001)-oriented GaAs slab with a thickness l 0~1 00 μm was used as the medium for AS propagation. The QW, grown by molecular beam epitaxy on the front side of the slab after 20-nm-wide ZnSe buffer layer, was a single 8-nm-wide ZnSe layer, surrounded by Zn 0.89 Mg 0.11 S 0.18 Se 0.82 barriers [17] .
The experimental setup is shown schematically in figure 2(a). The sample was immersed in pumped liquid helium at T=1.8 K. The strain pulses were generated in the GaAs slab from the side opposite to the QW heterostructure using the opto-elastic transducer technique [inset in figure 1(a) ]. For this a 113-nm-thick Al film was deposited on the back side of GaAs slab. The laser was a modelocked Ti-sapphire laser (wavelength 800 nm) with regenerative amplifier. The output pulses had duration less than 200-fs and a repetition rate 250 kHz. The laser beam was split into pump and probe beams. Pump pulses passed through the variable delay line (1) and were focused to a 100 μm diameter spot on the Al film, creating energy densities (W) up to 10 mJ/cm 2 per pulse. The temporal evolution of the injected strain pulse [figure 1 (a)] was calculated using the known methods of ultrafast acoustics [5, 6] and coincides with results from direct conventional pump-probe measurements [18] .
In order to obtain the information about the effect of strain pulses and ASs on the electrons in the QW, we monitor the spectrum of the optical transitions between the quantized electron and hole states in the QW by measuring the reflectivity spectrum. The stationary reflectivity spectrum of the light from a halogen lamp in the studied heterostructure is shown in figure 2 (b). The lower energy resonance at photon energy E=E hh corresponds to the coupled electron-heavy hole transition (HH exciton). The higher energy resonance at E=E lh corresponds to the electron and light hole (LH exciton). The exact spectral profile of the resonances in reflectivity spectrum is governed by optical interference effects [19, 20] . For our particular sample the reflectivity spectrum of each resonance, normalized to the background may be described by:
where A 0 is a constant, E 0 is the energy of the resonance, and Γ is the width of the resonance, which is determined by the homogeneous and inhomogeneous broadening and also by the spectral resolution of the experimental setup. For the studied structure E 0 ==2.809 (2.836) eV for HH (LH) resonance. The measured value of Γ= 0.5 meV in our sample is in good agreement with earlier works [17] .
Sizeable energy shifts ΔE of an optical resonance in bulk semiconductors have been demonstrated by applying uniaxial stress [21, 22] . In our QWs ΔE is governed by the deformation potential mechanism. In case when the stress is perpendicular to the plane of the QW grown on the (001), The main idea of the experiment was to measure the resonance energy shift induced by the
when the AS hits the QW. To monitor the AS induced effects we measure the reflectivity spectra with a femtosecond temporal resolution. For this the probe pulse was passed through a sapphire plate (figure 2) in order to generate a white light fs pulse, which is used for probing the QW resonant optical transition. Then the probe beam was delayed on give time for the LA strain pulse to travel from the metal elasto-optic transducer to the QW. After that the probe beam was focused on the front side of the sample to a spot less than 50-μm-diameter exactly opposite to the spot of the pump beam. The reflected probe beam was collected to the slit of an optical spectrometer followed by a CCD camera. The time resolution of reflectivity spectra measurements was realized by the scanning delay line of the pump beam, which was synchronized with a readout of CCD camera. The overall time resolution of our experimental scheme was better than 300 fs. The left panels in figure 3 (a) and (b) show measurements of reflectivity HH exciton spectra for values of W =0.5 mJ/cm 2 and 9.2 mJ/cm 2 respectively, in spectral/temporal contour plots. The color scale is a measure of the time-dependent reflected spectral intensity in the spectral range around the electron-HH optical resonance, normalized to the off-resonant value. The value t=0 corresponds to the arrival time t 0 of the center of the initial bipolar wave packet [ figure 1 (a) ] at the QW. The time intervals t<-25 ps and t>100 ps correspond to the situation prior to the arrival of the strain wavepacket and after full passage of the heterostructure, respectively. No temporal modulation is observed and the reflectivity spectrum is equal to the one in the absence of strain, shown in figure 2(b).
Between -25 and 100 ps, the measurements show a clear optical response, that moreover depends on the pump excitation density W. In the linear regime (W<1 mJ/cm 2 , left panel figure 3 (a) ) and upon arrival of the bipolar acoustic pulse at the QW, the reflectivity spectrum shifts smoothly to higher energies, back to low energies, and recovers the original position. After reflection of the pulse from the sample surface the same sequence occurs, but in the opposite direction. We have observed the same time evolution in similar experiments with GaAs/AlGaAs QWs [15] . The important point here is that the shape of the exciton resonance does not change and the energy of the exciton resonance simply shifts in time [compare solid and dashed line in the inset of the left panel in figure 3(a) ]. Therefore, the strain-induced shift of the exciton resonance ΔE(t) can be approximated by ( ) ( ) (l r =50 nm is the distance from the QW to the surface in our sample, and s =4 km/s is the mean longitudinal sound velocity in the ZnSe/(Zn,Mg)(S,Se) heterostructure [24] ).
The minus sign between the two strain components in equation (2) accounts for the fact that the phase of the strain pulse jumps by π upon reflection at the free surface.
The response at high power [left panel figure 3(b) ] is highly distorted when comparing to the low power trace. In figure 3 (c) -(f) we show some characteristic features of spectra measured at specific times. We can distinguish: (i) sharp features in the temporal signal appear, (ii) the leading edge of the detected signal arrives earlier with the increase of W [compare left panels in figure 3 (a) and (b)], (iii) the reflectivity spectrum broadens strongly [figure 3 (d) and (e)] and (iv) doublet structures appears at certain times [figure 3 (f)]. Features (i) and (ii) point to AS arriving at the QW. From the simulations we know that the soliton pulses may become shorter than 1 ps [see figure 1(d) ], explaining the sharp features in the temporal evolution of the detected signal at high W. Furthermore, the AS velocity is supersonic, which results in the early arrival of the front of the strain wavepacket as shown separately in the inset of the right panel in figure 3(a) .
Theoretical analysis and discussion
The theoretical analysis of the experimental results can be divided into three steps: (1) 
KdV equation and computer simulations
As was already mentioned in the introduction, the KdV equation is a well-known differential equation that has been widely used to describe a propagation of a strain wave packet through a nonlinear, dispersive medium [2, 7, 12, 13] . We have explicitly assumed that damping can be neglected at LHe temperatures. Therefore, we evaluate the KdV equation [25] ). The input pulse can be described by a Gaussian derivative as shown in figure 1(a) and the amplitude of it linearly varies with pump density W. The examples for the strain temporal evolution for the three distances at highest W=10 mJ/cm 2 are shown in figure.1 (b-d) . One can clearly see the transformation of the initial strain pulse to a N-shape pulse [ figure.1 (b) ] under the influence of nonlinearity, and due to the arisal of dispersion further to ASs [ figure 1 (c-d) ]. For the high excitation density a distance of only 50 μm is required for the formation of AS. The dispersive tail shows an increasing number of fast oscillations due to dispersion. Note that dispersion occurs far earlier than would be expected from pure linear propagation [2] , since the nonlinear propagation has increased the frequencies in the wave packet significantly in the first microns of propagation.
In order to calculate the full effect on the QW we take into account the first and higher-order reflections at the barrier layer/GaAs substrate interface (due to impedance mismatch, there is an 8% amplitude reflection) and the fact that the QW can simultaneously be influenced by the strain and of its reflection from the surface [see equation (2)]. Due to the small distance between the QW and the surface, the temporal shapes of the incident and reflected strain pulses are taken identical except for the phase jump. In this way, we obtain the full temporal strain profile Figure 1(d) shows the presence of THz frequencies in the wave packet, corresponding to wavelengths of 1 ps ×4 km/s = 4 nm, smaller than the QW width. In the AS regime we therefore cannot consider the QW as an infinitively narrow object as it was assumed in the linear regime [15] . To include into the finite QW width into the analysis, we use the approximation of infinitely high barriers and take the electron wave function ( ) ( )
The effect of a finite QW width
In addition, we assume that the strain does not change the potential profile of the QW significantly. Using perturbation theory the energy changes of the exciton resonance in the QW in the presence of the strain pulse are found to be equal to
Here we note that the equation (4) is reminiscent of the equation of matrix elements for the excitonphonon interaction in a QW [26] that indeed shows the cutoff for high-frequency phonons. This effectively decreases the sensitivity of a QW as a detector for very short soliton pulses (phonon frequencies > 500 GHz), where the energy is concentrated mostly in the high-frequency components.
Chirping of optical transition
The interaction of the probe light with the exciton system is inherently not instantaneous but takes the corresponding exciton coherence time T e , which in high-quality QWs at low temperatures is close to twice the value of the radiative exciton lifetime [27] , of the order of several picoseconds. This is an order of magnitude larger than the probe pulse length and the typical AS widths. Thus QW essentially integrates all ultrafast strain modulations occurring within a coherence time T e after the incident probe pulse. This leads to an acoustically induced chirping effect: the coherent optical frequency modulation of the reflected probe light by a picosecond strain pulse. We approximate the effect by convoluting the modulated at time t reflectivity r(E-ΔE(t)) with an exponentially decaying coherent emission:
where r(E) and ΔE(τ) are given by equations (1) and (4) respectively. To evaluate all the steps, and optimize the correspondence between measured and calculated, we have developed an automated fitting procedure in which the width and height of the input wave and the coherence time T e are the free parameters. The input wave width of 6.8 ps [ figure 1 (a) ] and amplitude (7.5±0.2)×10 -5 W were in good agreement with the values obtained in the pump-probe measurements mentioned before. The best agreement for the values of the shift values are obtained for a deformation potential value c=-8 eV. Further, we find T e =4.6±1.3 ps, close to the measured dephasing time of excitons in similar QWs [28] .
The results of the numerical calculations for the two values of W are shown in the right panels in figure 3 (a) and (b) (for the low and high power, respectively). The agreement at low power is excellent. At first sight, the correspondence at high powers seems to be less. The individual spectra, as shown in figure 3 (c)-(f) , show better agreement than the contour plots suggest. The sharpening of the leading edges at elevated W signifies the formation of ultrashort strain pulses, i.e. ASs, indicated by arrows in figure 3 (b) . The arrival time of the ASs decreases with the increase of W, as correctly described by the simulations and shown by a solid line in the inset of figure 3(a, right panel) . In general, the passage of incident and reflected ASs leads to a strong broadening of the reflectivity spectrum over a broad range of times, visible as an increase in green areas in figure 3 (b) . The reason for this is that in the present case the duration of individual AS pulses as well as the delay between different soliton pulses are shorter than T e . Thus when the AS train arrives, the exciton resonance is chirped several times back and forth during its coherence time T e . For the first soliton, the shifted exciton line is positioned at the dip indicated by the arrow in figure 3 (c) . In figure 3 (d) , the dip caused by the reflection of the second soliton is more clearly visible in the measured spectrum, since the shift is smaller and the soliton broader in time An even more elucidating example is presented in the figure 3 (f), which shows a clear doublet structure that can be observed around times 25 ps and 52 ps. We can explain this by the tensile part of the incident wave [ figure 1 (d) ]. Here, a dispersive tail develops of both high frequency and high amplitude. Since the typical oscillation time is 2 ps, within time T e ~ 5 ps, the excitons are swept over almost 10 meV in energy a couple of times. One can qualitatively understand the origin of the doublet by making the analogy with a pendulum, which spends most of the time in its extreme positions.
Conclusions
To conclude we demonstrate that the AS has a strong effect on the electron spectrum in the semiconductor QW. The energy of the exciton resonance shifts up to 10 meV, which is over 5 times the detected linewidth. The experimental results are in an agreement with the theoretical analysis based on KdV equation and basic principles for the electron-phonon interaction in the semiconductor nanostructures.
We observe strong chirping probing the exciton resonance when ASs pass a QW. The soliton pulses are so sharp in space (~3 nm) and time (~750 fs) that the exciton resonance shifts up and down in energy over several meV during the exciton coherence time. More generally, the presence of features occurring at timescales shorter than the exciton coherence time results in complex behavior (e.g. doublet structures) of the probed exciton spectrum and forms a qualitatively new dynamical nonstationary quantum mechanical state.
The presented work uses the QW as the archetypal object of semiconductor nanostructures. The observed constructive interference between incident and reflected strain pulses is analogous to coherent strain control [29] and realizes manipulation of nanostructures by AS pulses. The AS-induced effects in more sophisticated nanostructures (e.g. tunneling devices, shallow QWs and delta layers, quantum wires, dots and dot molecules), where the adiabatic approximation for electron and lattice systems is not valid anymore may lead to the discovery of new ultrafast phenomena at constant carrier densities. The experiments and theoretical analysis show that the effect of acoustic solitons on the electron spectrum in a QW may be used as an ultrafast method for modulating the optical response in nanostructures. The large value of the energy resonance shift may become a basis for picosecond control of emission from nanophotonic devices (semiconductor microcavities, 2D arrays, etc) and other switching principles in nanoelectronics and photonics.
